Reductive elimination is an elementary organometallic reaction step involving aformal oxidation state change of À2a tatransition-metal center.F or as eries of formal highvalent Ni IV complexes,a ryl-CF 3 bond-forming reductive elimination was reported to occur readily (Bour et al. J. Am. Chem. Soc. 2015,137, 8034-8037). We report acomputational analysis of this reaction and find that, unexpectedly,the formal Ni IV centers are better described as approaching a + II oxidation state,o riginating from highly covalent metal-ligand bonds,aphenomenon attributable to s-noninnocence.Adirect consequence is that the elimination of aryl-CF 3 products occurs in an essentially redox-neutral fashion, as opposed to ar eductive elimination. This is supported by an electron flow analysis which shows that an anionic CF 3 group is transferred to an electrophilic aryl group.T he uncovered role of s-noninnocence in metal-ligand bonding,and of an essentially redox-neutral elimination as an elementary organometallic reaction step,m ay constitute concepts of broad relevance to organometallic chemistry.
Introduction
Several studies propose the involvement of high-valent Ni IV intermediates in nickel-catalyzed cross-coupling reactions. [1] Ah igh-yielding aryl-CF 3 bond formation from welldefined Ni IV complexes I R=H has recently been reported by the group of Sanford (Scheme 1). [2] These formal Ni IV complexes bear two trifluoromethyl ligands and are readily accessible from Ni II precursors via two distinct synthetic routes,e ither through oxidation with an electrophilic CF 3 transfer reagent (S-(trifluoromethyl)dibenzothiophenium triflate,T DTT) or an aryl group from ad iaryl iodonium salt. [2] TheNicenter is supported by the anionic trispyrazolylborate (Tp) ligand which changes from two-to three-coordinate as either the CF 3 or Ar group is introduced. AHammett analysis of the aryl-CF 3 bond-forming reductive elimination from I R=H suggests that the reaction proceeds via an ucleophilic attack of the aryl ligand on an electrophilic CF 3 ligand. We became interested in these findings as these high-valent formal Ni IV species have become suspect of featuring an inverted ligand field, [3] rendering the assignment of oxidation states in these complexes possibly challenging. [4] Thec oncept of inverted ligand fields was recently reviewed by Hoffmann et al. [5] and is most prominently discussed for the prototypical example of the [Cu(CF 3 ) 4 ] À anion. [3a,6] Already in 1995, Snyder proposed that this formal Cu III (d 8 )c omplex would be better described as aC u I (d 10 ) complex. [6a] Snyder originally proposed this to reflect the presence of an oxidized ligand as shown in Figure 1 , top. Notably,all valence tautomers have to be taken into account, leading to ap artial oxidation of all CF 3 groups.W hile controversial at the time, [6b,c] recent studies confirmed Snydersp roposal through spectroscopic evidence verifying the near-complete occupation of all five 3d orbitals. [3a,6e] In these complexes,unlike in conventional cases (that is,W erner-type complexes such as [Rh(CO) 4 ] + ), the amount of metal Scheme 1. Reporteds ynthesis of the Ni iV complex I R=H by Sanford and co-workers via oxidation of 1 with TDTT (top), or via reaction of 2 with Ph 2 IBF 4 (bottom), and its subsequent aryl trifluoromethyl bond-forming reductive elimination (center). [2] character vs.ligand character to the bonding and antibonding orbitals are inverted:f or the [Cu(CF 3 ) 4 ] À anion, an unoccupied metal-ligand antibonding orbital is mainly of ligand character,w hereas the corresponding occupied bonding orbital is mainly of metal-d-orbital character (see Figure 1, bottom; f or ad etailed discussion, see Refs.[3a, 5a] ). This leads to ligand oxidation and hence the presence of aformal and notably electrophilic "CF 3 + ", [5a] which originates from highly covalent metal-ligand s-bonds.Arecent study by Menjóna nd co-workers extended this interpretation of reduced oxidation states at the metal center to the [Ag-(CF 3 ) 4 ] À and [Au(CF 3 ) 4 ] À anions. [7] However, it should be noted that these earlier studies proposed the bonding model shown in Figure 1p rimarily via formal molecular-orbitaltheory considerations and generally identify the bonding and antibonding orbitals in Figure 1 . We will argue below that this is often inappropriate in larger complexes or complexes of little symmetry,and that such considerations should be based on occupied and unoccupied localized valence molecular orbitals instead, rather than canonical molecular orbitals as presently done.
As metal-ligand s-bonding becomes increasingly covalent, aclear attribution from an oxidation state point of view becomes challenging. [8] Notably,H offmann et al. have also used the term s-noninnocence when discussing complexes that feature increased covalency, leading to ambiguity in attributing oxidation states. [5a] We shall note here that non-innocence has already been introduced as ac oncept some time ago, [9] however, it usually refers to difficulties in assigning oxidation states due to ambiguity in the occupation of p-orbitals present in ligands. [10] Interestingly,i ns everal instances,h igh-valent Ni complexes have been implicated to feature inverted ligand fields [3b,c,6d] and thus may also be affected by s-noninnocence, and, as ac onsequence,l ead to ab lurry oxidation state assignment. With this in mind, we commenced ac omputational study to shed light on the electronic configuration and reactivity of the intriguing Ni IV complexes shown in Scheme 1. In our study,w ew ill focus on two aspects:i )the oxidation state of the Ni center and the ligands,a nd ii)how the reactivity is affected by the electronic structure.
Results and Discussion
We begin by investigating the oxidation state of the Ni center and the adjacent ligands.F or this purpose,w ef irst optimized the geometry of complex I R=H using the M06-L [11] / def2-SVP [12] method in combination with the SMD [13] solvation model for MeCN (full computational details can be found in the Supporting Information). We next applied Salvadorse ffective oxidation state (EOS) formalism, [14] where we fragment the complexes into the Ni center,t wo individual CF 3 groups,t he aryl moiety,a nd the anionic trispyrazolylborate (Tp) ligand. Fort his purpose,w ec omputed the Kohn-Sham wave function with the M06-L [11] functional in combination with the larger basis set def2-TZVPPD [12, 15] and the SMD [13] solvation model for MeCN. Consistent with the suspicion that s-noninnocence could be at play for these complexes,wefound in all cases that the formal Ni IV center is more appropriately described as atwo-electron reduced Ni II site (see Table S1 in the Supporting Information). Based on the experimental Hammett plot reported by Sanford and co-workers,wewould expect that the CF 3 group should be oxidized, since an egative slope of the Hammett analysis suggests the transfer of an electrophilic CF 3 group (see below). However,toour surprise,this is not the case and each CF 3 group is predicted to be anionic.Itis indeed the aryl moiety that is predicted to feature an overall oxidation state of + +Iand thus provides two electrons to the Ni center. TheTp ligand features an oxidation state of ÀI, consistent with its anionic nature.While the description of areduced Ni center is in agreement with the careful suggestions made for highvalent Ni complexes in the literature, [3b,c, 6d] the assignment of ac ationic aryl moiety,h owever,c onflicts with the experimental study reported by Sanford and co-workers.I n aH ammett analysis of the aryl-CF 3 reductive elimination, al inear correlation with as lope of À0.91 was found, supporting the idea of the reaction between an aryl anion and ac ationic CF 3 group. [16] In particular,t he interpretation involving an electrophilic CF 3 moiety is therefore not in agreement with the oxidation state assignment obtained from the EOS analysis.A lthough the EOS analysis only provides integer values for oxidation states,itdoes probe the reliability of the assignment, which is expressed as the Rvalue which can range from 50-100 %. [14] In the present case,w eo btained al ow value of 55 %, suggesting that the elucidation of the oxidation state is challenging and further supporting that noninnocence is at play (see also Table S1 ).
In principle,b yp roducing am olecular-orbital (MO) description of the electronic structure of the ground state, one should be able to uncover al igand-field inversion based on the degree of covalencyo ft he metal-ligand bonding interactions and the increased ligand character of the unoccupied antibonding orbitals (see above). In structurally simple complexes such as four-coordinate square-planar complexes with high symmetry (for example,[ Cu(CF 3 ) 4 ] À ), this antibonding orbital can often be associated with the LUMO as obtained from af irst-principles calculation (qualitatively shown in Figure 1 ). [5a] However,f or six-coordinate systems,s uch as SanfordsN i IV complexes,t he additional dimension and lower symmetry render this task more challenging,a nd the actual HOMOs and LUMOs from firstprinciples calculations are generally delocalized and complex in shape,a nd do not clearly correspond to either bonding picture in Figure 1 ; often enough, they do not even have substantial metal character.Wewill therefore use the intrinsic bond orbital (IBO) method [17] for the interpretation of the bonding in these complexes,amethod we have successfully used for the analysis of bonding in transition-metal complexes before. [18] With this approach, we are able to transform the delocalized molecular orbitals into chemically intuitive localized orbitals while retaining an exact representation of the Kohn-Sham wave function. In Figure 2 , we show the d-orbitals of the Ni center and the metal-ligand bonding interactions.
At first glance,b ased on the number of doubly occupied d-orbitals,itseems apparent that the complex consists of ad 6 electron configuration and hence aN i IV metal ion (Figure 2 , top). However,acloser look at the partial charge distribution of the metal-ligand bonding interactions reveals the origin of the EOS assignment as aN i II center and ac ationic phenyl substituent. Here,interactions for the N-Ni bonding of the Tp ligand (Figure 2A ,E,F) are clearly dative in nature,since the partial charges mainly reside on the N( N: 1.745/1.715/1.715 and Ni:0 .117/0.181/0.181). Fort he two Ni-CF 3 interactions ( Figure 2B,C) , the situation already changes significantly and partial charge distributions of 1.290/1.290 for C CF 3 and 0.657/ 0.657 for Ni are found, which indicate at ransition to more covalent bonding.N otably,t hese bonds are still polarized towards the CF 3 ligand. This changes when we look at the bonding between C Ph and Ni, where an inversion of the bond polarity is identified and the partial charge on Ni of 0.988 is larger than the one on C Ph of 0.973 ( Figure 2D ). We have also investigated this for aseries of substituents on the aryl group and find very similar trends (Table S3 ), especially for the relative covalencyo bserved for the aryl-Ni interaction and also find similar trends for group partial charges (Tables S4  and S5 ). Thee xtreme covalencyl ies at the heart of the observation of s-noninnocence.W emay reiterate here that it was stated by Ye et al. that ac lear assignment of oxidation states becomes increasingly difficult as covalencyincreases, [20] and thus,b yd efinition, constitutes noninnocence.F rom the recent studies on inverted ligand fields,one can conclude that metal-CF 3 interactions are preferred (see above). However, our current findings clearly demonstrate that s-noninnocence can arise from any covalent metal-ligand interaction. Throughout, we have discussed IBOs which are obtained by localization of all occupied MOs.B ecause the inspection of the virtual space is frequently used in the identification of inverted ligand fields,w ew ill also introduce and discuss valence virtual IBOs (vvIBOs) here as arepresentative of the chemical unoccupied valence orbitals available in asystem for chemical interactions (Technically,t hese are obtained straightforwardly by first computing as et of basis vectors for the orthogonal complement of the occupied space in the intrinsic atomic orbital space and then applying the standard IBO localization procedure to these basis vectors.F or ashort technical description of the IBO method, see also Ref.[18f] ). In agreement with the general concept that the "LUMO" [21] should be ligand-centered when an inverted ligand field is present (see above), we can clearly identify the vvIBO that is antibonding in nature with regard to the NiÀC Ph bond ( Figure 3A) . Here,t he virtual partial charge distribution at Ni is only 0.169, corresponding to 8.5 %Nicharacter,which is in line with al igand-centered vvIBO.I nc ontrast, from the vacant 4s orbital, which-as expected-is almost exclusively Ni-centered ( Figure 3B ), it can be seen that localization of the virtual space in combination with the virtual partial- Figure 2 . IBO depictions of three occupied d-orbitals (top) and six Ni-ligand-bonding IBOs. Numbers in parenthesesi ndicate the partialcharge distributiono fagiven IBO at M06-L/def2-TZVPPD/SMD//M06-L/def2-SVP/SMD. Orbital iso-surfaces enclose 80 %ofthe integrated electron density of the orbital. Hydrogen atoms are omitted for clarity. Depicted using IboView. [19] charge distribution can be used to identify metal/ligand character.T he antibonding vvIBOs for the Ni À C CF 3 bonds remain metal-centered ( Figure 3C,D) , in line with our previous assignment that these remain anionic in nature. Thei nspection of vvIBOs is therefore consistent with our interpretation and further supports the assignment made thus far. We note that these localized occupied and virtual valence molecular orbitals (IBOs and vvIBOs,r espectively), which represent the bonding and antibonding molecular orbitals associated with the metal, are also well defined in complex and non-symmetric coordination complexes,and are conceptually much closer related to ad istinction of the bonding models illustrated in Figure 1t han the usually discussed HOMOs and LUMOs are.W eh ere find that the use of vvIBOs provides aclear picture of the bonding scenarios and allows for the immediate evaluation of whether an inverted ligand field is present or not, even when highly delocalized MOs would render such an analysis challenging or inconclusive.I np articular, the localized orbital description allows for the direct identification of which bond(s) is(are) affected by s-noninnocence.
Having made our analysis above,itisnow time to address the obvious inconsistencybetween our oxidation state assignment, that is,acationic aryl ligand and anionic CF 3 groups, and the experimentally observed Hammett plot reported by Sanford and co-workers. [2] Thet ransfer of an anionic CF 3 group to aN i-bound aromatic moiety would constitute anucleophilic-aromatic-substitution-type reaction and should result in ap ositive slope (for an example see Ref. [22] ). The experimentally determined negative slope of À0.91 for complexes I clearly suggests the build-up of positive charge on the aromatic ring in the CÀCb ond-forming process. [23] Based on our bonding analysis however, we would expect that the CF 3 group is transferred as an anion to an electrophilic aromatic moiety.T op robe which scenario is operational, we decided to follow the electron flow based on the changes that the IBOs undergo along the reaction path of the C À Cb ondforming event, an approach we have used successfully before, even in challenging scenarios. [19b,24] From this analysis,w ec an clearly identify that the IBO associated with the C Ph À Ni bond is transformed into aN i d-orbital and the IBO that describes the C CF 3 À Ni bond becomes the new C À Cbond (Figure 4) . Thetransformation of the C CF 3 ÀNi bond into the CÀCb ond in the product is therefore clearly identified as anucleophilic attack by the CF 3 ligand on an electrophilic aryl ligand. Aplot of the root of the sum of square deviations (RSSD) of the partial-charge distribution changes along the IRC also shows that these transformations are continuous ( Figure 5 ).
While these calculations are in full agreement with our original assignment of oxidation states (see above) they remain at conflict with the Hammett plot. One might wonder if our computational methodology is appropriate.T herefore, we computed the reductive elimination of all substituents used in the experimental Hammett plot. In agreement with the experimental data, we also observed an egative slope ( Figure 6 ). While the slope of the computed Hammett plot is slightly larger in absolute value (À3.23), it clearly reproduces the experimental trends and thus we may conclude that our methodology is appropriate.W ea lso note that the EOS analysis for all complexes I R=X produces aN i II center, ac ationic aromatic moiety,a nd anionic CF 3 groups along with very similar partial-charge distributions of the IBOs describing the Ni-ligand bonding (Tables S2 and S3 ). Acloser inspection of the IBOs at the TS led to the identification of acrucial interaction in which the Ni center acts as aLewis acid significantly activating the aromatic p-system ( Figure 6 , inset). TheI BO overlap of the aromatic p-system with the Ni center increases with electron-donating substituents and thus stabilizes the TS,w hereas it decreases with electronwithdrawing substituents (Figure 6 , bottom, and Table S9 ). Notably,F ernµndez and Frenking found before that the p-conjugation strength in aromatic systems correlates well with Hammett s-parameters. [25] As ac onsequence,w ef ind that the interaction between the aromatic p-system, as quantified by the partial-charge overlap of the IBOs with Ni, directly correlates with the Hammett s-values.
This finding reveals that the experimentally observed trend by Sanford and co-workers is not based on the transfer of an electrophilic CF 3 group,but rather the transfer of an aryl cation to aCF 3 anion. Since the cationic character of the aryl group originates from the high-covalencyofthe NiÀC Ar bond, it may be described as a s-noninnocence-induced masked aryl-cation transfer. Notably,t his also means that the elimination process does not occur in as trictly reductive fashion but approaches redox neutrality.W ev alidated this interpretation by carrying out the EOS analysis along the intrinsic reaction coordinate (IRC) for all frames indicated in Figure 5 . Again, at all times,the oxidation state is predicted to be + II for the Ni center as shown in Table S10 . We should clarify here that for systems with an increased covalency, it might no longer be appropriate to assign integer oxidation states. [8] Therefore,t he oxidation state assignments from the EOS method based on as ingle-reference approach should only be taken as aguide.W ewould assign the oxidation state to be approaching + II. Nevertheless,wecan clearly state that the redox changes at the Ni center do not reflect those required for af ormal reductive elimination, warranting our description of this process as an essentially redox-neutral elimination, which may be viewed as ad istinct type of elementary organometallic reaction.
Conclusion
In summary,w em ay therefore conclude that the formal Ni IV complexes reported by Sanford and co-workers are best described as Ni complexes approaching the + II oxidation state arising from oxidation of the ligands due to s-noninnocence.A sac onsequence,o ne should describe the CÀCbond-forming event not as reductive,b ut best as essentially redox-neutral, which could be understood as adistinct type of elementary organometallic reactions.T he example studied here also clearly demonstrates that inverted ligand fields and, by extension, s-noninnocence are not limited to polyfluorinated groups,b ut instead are more general. Furthermore,a ne lectronic-structure analysis directly in terms of bonding and antibonding molecular orbitals-for example,as here obtained with IBOs and vvIBOs directly from firstprinciples calculations-allows ac lear and unambiguous identification of when these cases are present, in contrast to the established analysis of canonical molecular orbitals (HOMO and LUMO), which, in larger or non-symmetric coordination complexes,are often highly delocalized and not open to direct interpretation. We believe that the present study is barely scratching the surface of s-noninnocence and there are many more cases to be discovered, especially since the presence of inverted ligand fields is now more broadly suspected for transition-metal complexes in the literature. [26] Thee ffects that these bonding scenarios have on transitionmetal-catalyzed reactions can be expected to be of significant relevance.
